The dynamic behavior during the cross-linking of an epoxy polymer near the gel point has been monitored by rheological multiple frequency experiments. The influence of needle-like shape inorganic nanofiller, sepiolite, either non-modified or organically surface modified during the cure process in presence of an aliphatic and an aromatic hardener has been investigated. The validity of different criteria to determine the gel point was examined for the cross-linking of these filled thermosets. Winter-Chambon criterion at the gel point is obeyed by the unfilled and by the non-modified sepiolite filled epoxy matrix with either of the two hardeners. However, physical gels have been formed in presence of the organically modified sepiolite and the Winter-Chambon criterion is not valid. For all the systems investigated, the nanofiller reduces the time to reach gelation.
Several theories have been employed to determine the gel point including the determination of divergence point of the steady state shear viscosity (η) or normal stress (N1), the cross-over point of G' (dynamic elastic modulus) and G" (dynamic viscous modulus) 21 . However, Winter-Chambon criterion is commonly used in polymer gels. In accordance with Winter-Chambon criterion, the loss tangent (tanδ) is independent of the frequencies at the gel point for most of the polymers. The frequency-independence of the loss tangent in the vicinity of the gel point has been widely used to examine chemical and physical gels and has also been employed to determine the gel point. [21] [22] [23] [24] The question is whether or not the Winter-Chambon criterion would be applicable for the cross-linking of epoxy thermosetting polymers in the presence of sepiolite.
The aim of this study concerns the measurement of the dynamic viscoelastic properties of epoxy-amine networks buildup as a function of curing time and oscillatory frequency. Different methods employed to determine the gel point of
RESULTS AND DISCUSSION
Multifrequency rheological experiments were performed during the buildup of an epoxy network cured with either an aliphatic or an aromatic diamine in absence and presence of sepiolite to determine rheological behavior near the gel point.
Several models have been proposed in the literature to study gelation. Among them, three have been selected in this paper. These are:
1) based on scaling laws, the gel point is the point of crossover of the elastic, G', and the loss, G", moduli in small-amplitude oscillatory experiments 26 ;
2) Winter showed 20, 23, 27, 28 that the first definition was not universal but only valid for step-growth polymerizations of balanced stoichiometry. Accordingly, a more general method of detecting the gel point from dynamic moduli data is based on the observation 23 that, at the gel point, tanδ is independent of frequency and is given by:
where n is the relaxation exponent and can be linked to structural parameters of the network as we shall explain later. The value of tanδ independent of frequency enables us to determine the value of n. In the special case where n=1/2, it follows from eq 1 that tanδ=1, G' crosses over G" and the gel point can be determined from G' and G" plots as in model 1.
3) In addition, and based on percolation models 29 in the region close to the gel point the elastic and loss moduli can be represented by the power laws:
being A G' and A G" the pre-exponential factors, ω the angular frequency and n'
and n" the power law exponents. The gel point is attained when n'=n" = n.
The relaxation exponent can be related to structural parameters of the network such as the fractal dimension, d f and the gel strength, S g . Thus, Muthukumar proposed the following expression to relate the exponent n with excludedvolume and hydrodynamic screening effects
where d=3 is the Euclidean space dimension. All values of the relaxation exponent for 0<n<1 are possible for a fractal dimension in the physically acceptable range 1≤d f ≤ 3.
Winter and coworkers 20, 23, 28 can describe the rheological behavior at the point of gelation in terms of the gel strength of the material at the condition of critical gelation:
The shear relaxation G(t) modulus is expected to obey a power law relaxation at the gel point :
where t is the relaxation time and the equation assumes that there is no chemical reaction occurring. The parameter n is the critical relaxation exponent and determines the stress relaxation rate at the gel point. S g is the gel strength and can be simply considered as the relaxation modulus at the gel point when the relaxation time is one second. S g represents the elastic modulus or the rigidity of the system when n=0, while it represents the viscosity when n=1. S g can be calculated from equation 5 at the gel point, if n is known. expected, values of tanδ increase as frequency increases before the crossover point, and decrease after it. As can be observed, the value of tan δ diminishes with time for all the frequencies studied. However, the decreasing rate of tan δ is frequency dependent, being faster for the lower frequencies. At a certain point all the curves intersect, that is, tan δ becomes frequency independent.
Before the crossover point, tan δ decreases as the frequency increases, and after the crossover point tan δ increases with frequency. Changes in the material structure have been attained. According to the Winter and Chambon method 23 , the gel time can be defined as the time for tan δ to be frequency independent. The application of this method provides gel points of 52.6 min and 101.1 min for the epoxy/ D230 and epoxy/MDEA systems, respectively. These values are in good accord with published results 32, 33 .That is, reported gel values determined as the time for G'=G" are 57 min when curing at 80 °C with polyoxypropylenediamine (Jeffamine D400) 32 
Rheological behavior of the unmodified S9 sepiolite / epoxy /amine systems during gelation
The effect of the unmodified sepiolite, S9, on the rheological behavior of the system epoxy/amine during gelation was investigated. In Figure 3 , the evolution of , decreases with sepiolite concentration and, on the other hand, the value of tan δ at the gel point does also depend on the clay concentration.
The values of the gel point and the critical exponents for the epoxy /amine/ sepiolite S9 systems are collected in Table 1 . Gel times determined by the first criteria, G'= G", are slightly higher than the ones determined by the two other criteria. Either Winter-Chambon or percolation models can be used to determine gelation in unmodified epoxy/ amine/ unmodified sepiolite. Whatever the hardener used, the gelation time decreases with the concentration of sepiolite and is more accentuated as the concentration of sepiolite increases. The decrease in gelation time may be due to both: i) an increase in the reaction rate due to a catalytic effect of the sepiolite on the cross-linking reaction, or ii) a decrease in the critical conversion of gelation due to the presence of the particles of sepiolite organized as a physical network 17, [35] [36] [37] .
To study how the structural changes in the physical network of sepiolite particles can affect the gelation process, a study of the evolution of the critical exponents in the vicinity of the gelation point was carried out. As for the pure epoxy/hardener systems presented above, in where t is any time during the reaction; and t g is the gel point time. Initially, well below the gelation point, the viscoelastic behavior of the systems without sepiolite is typical of Newtonian liquids with n'=2 and n''=1. As the reaction proceeds, n' and n'' diminish and become equal at the gelation point. After that, the system tends to a hookian behavior with n'=0 and n''=1. 38 The addition of sepiolite affects the values of n' and n'' that diminish with the concentration of sepiolite for both the Jeffamine and the MDEA systems. This behavior is probably due to interactions between the sepiolite particles and the pre-polymer of the type hydrogen bonding or hydrophobic interactions 39 . These interactions provoke the sepiolite particles to be interconnected through weak links giving rise to a physical network and therefore to an increase of the elastic The characteristic parameters of the gelation point, that is, the exponent n, the corresponding tanδ, and the gel strength, S g , are also dependent on the sepiolite concentration as can be observed in Table 1 . n values are similar to the ones determined by the percolation theory, n= 0,7 and the Rouse model, n=2/3. 34, 39 An important fact is that the evolution of S g and n with sepiolite S9 concentration is different depending on the hardener considered. For the system epoxy/D230/ S9, the relaxation exponent n diminish, and the gel strength S g increases with filler concentration indicating a more rigid and elastic gel and therefore, a more compact structure. According to the Muthukumar In Figure 7 , the evolution of the critical exponents n' and n'' as a function of the relative distance to the gelation point are represented for the systems epoxy/amine/ sepiolite B5 at different concentrations of the filler (Figures 7a and   7b for Jeffamine D-230 and Figure 7c and 7d for MDEA). As can be observed, the decrease of the critical exponents n' and n'' in relation to the pure epoxy/amine systems is more dramatic with the modified B5 than with the unmodified S9 sepiolite. Owing to the surface modification of the sepiolite, the interactions between the pre-polymer and the sepiolite are stronger giving rise to physical gels with a solid like behavior (G' > G'') and consequently, with lower values of n' and n''. As for the system with the unmodified sepiolite, the difference between n' and n'' diminish as the cross-linking reaction proceeds. The data in Table 2 show that the addition of sepiolite B5 provokes a decrease in the gelation times of the same order of magnitude as the addition of unmodified sepiolite. As the Winter and Chambon criterion is not fullfiled, it is not possible to calculate the value of the gel strength for the cured systems.
Neverthless, the lower values of the critical exponents obtained for the systems with the modified sepiolite indicate that the gels formed with this clay are more rigid.
Conclusions
This study shows the utility of rheological studies in understanding the effect of nanoparticles on the gelation process in thermoset polymer nanocomposites.
The unfilled and the non-modified sepiolite epoxy systems obey the WinterChambon criterion at the gel point since the loss tangents intersect at a single point in multifrequency rheological measurements. However, for the organically modified sepiolite a physical gel is formed and G' is higher than G" for concentrations higher than 5 phr when curing with MDEA and higher than 7.5 phr in presence of D230. The three parameters tanδ, n and S g at the gel point evaluate the gel properties. A more elastic gel with higher gel strength is obtained in presence of the non-modified sepiolite as curing proceed in presence of the aliphatic diamine, D230. 
